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Objective: Our objective was to analyze changes in pulmonary artery size after 
bidirectional cavopulmonary shunt. Methods: All 47 patients who underwent 
bidirectional cavopulmonary shunt between March 1990 and May 1995 who 
had preoperative and postoperative angiograms available for review were 
selected for study. This included 24 patients who had also undergone a
modified Fontan operation. Clinical records were reviewed retrospectively and 
cross-sectional follow-up was obtained by direct physician contact. Angiograms 
were reveiwed, and the right and left pulmonary artery diameters were each 
measured at two locations: immediately distal to their origin and at the 
narrowest point. In addition, the lower lobe pulmonary artery branch was 
measured just distal to its origin. Cross-sectional reas (left, right, and total) 
at each point of measurement were indexed to body surface area. Angiographic 
and hemodynamic data were analyzed. Results: Changes in the various mea- 
sures of pulmonary artery size after bidirectional cavopulmonary shunt varied 
considerably. On average the absolute diameters increased for all measures, 
but the increase in diameter was significant only for the lower lobe arteries. All 
pulmonary artery indices decreased on average, but these changes did not 
approach significance. Patients who underwent pulmonary artery augmenta- 
tion at the time of bidirectional cavopulmonary shunt had significantly smaller 
pulmonary artery indices before pulmonary artery augmentation, relative to 
those who did not undergo pulmonary artery repair, and significantly greater 
changes (possibly to a large extent owing to pulmonary artery repair) in the 
right and left pulmonary artery index after bidirectionl cavopulmonary shunt. 
Lower lobe indices did not differ preoperatively or exhibit different degrees of 
change in size between patients who did and did not undergo pulmonary artery 
repair. One patient died after Fontan completion (pulmonary artery index: 305 
mm2/m2), and none of the factors analyzed correlated with Fontan outcomes. 
Conclusions: A more appropriate measure of pulmonary artery growth is the 
indexed cross-sectional rea of the lower lobe branch of the right and left 
pulmonary arteries, which is less likely to be altered surgically with systemic- 
pulmonary shunts, pulmonary artery repair, and the bidirectional cavopulmo- 
nary anastomosis itself. Pulmonary artery indices, including the lower lobe 
index, do not change significantly after bidirectional cavopulmonary shunt 
during medium-term follow-up and do not influence the Fontan outcome. 
(J Thorac Cardiovasc Surg 1996;112:1180-92) 
p ulmonary artery (PA) size is generally believed 
to influence the outcomes of the modified Fon- 
tan operation, although various reports have pre- 
sented conflicting data regarding the nature of this 
From the Divisions of Cardiothoracic Surgery a and Pediatric 
Cardiology, b University of California, San Francisco, San 
Francisco, Calif. 
Read at the Seventy-sixth Annual Meeting of The American 
Association for Thoracic Surgery, San Diego, Calif., April 
28-May 1, 1996. 
1180 
relationship. 1-6 Increasingly, a bidirectional cavopul- 
monary shunt (BCPS) is being used as interim 
palliation before a modified Fontan operation for 
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patients with single ventricle. 7-1° Thus, the effect of 
BCPS on PA  growth may influence the success of 
subsequent Fontan completion. Because pulmonary 
blood flow, which is thought o be a stimulus for PA  
growth, 11 is usually decreased in BCPS (depending 
on the presence and volume of an auxiliary source of 
flow), leaving patients with a BCPS for extended 
periods may result in suboptimal PA growth. This 
may have implications for the timing of BCPS and 
subsequent Fontan completion. Reported studies of 
PA  sizes after BCPS have found that indexed PA 
sizes decrease after BCPS, although absolute 
changes in PA  size have varied among studies. 12-14 
To address the questions of how BCPS influences 
PA  growth, what factors may be associated with 
better PA  growth in the presence of BCPS, and how 
important hese factors ultimately are with respect 
to outcomes after the modified Fontan operation, 
we analyzed pre-BPCS and post-BPCS angiograms 
in 47 patients, 24 of whom have undergone Fontan 
completion. 
Patients and methods 
Patients and operative procedures. Between March 
1990 and May 1995, 105 patients underwent BCPS. Of 
these, 54 have undergone both pre-BCPS and post-BCPS 
catheterization. Preoperative angiograms were unavail- 
able for five patients, and post-BCPS films were unavail- 
able for an additional two patients. The remaining 47 
patients comprise the study group for the present report. 
Patient diagnoses are summarized in Table I. BCPS was 
the first surgical procedure (primary BCPS) performed in 
five patients; the remaining 42 patients had undergone 
one (n = 30) or more (n = 12) Previous palliative 
procedures, including a systemic-PA shunt in 31 patients 
(a modified or classic left-sided Blalock-Taussig shunt in 
seven patients, a right-sided modified Blalock-Taussig 
shunt in 17 patients, a central shunt in six patients, and 
bilateral Blalock-Taussig shunts in one patient). 
Median age at operation was 1.3 years (range 1 month 
to 43 years). Unilateral right BCPS was performed in 35 
patients, whereas all 12 patients with bilateral Superior 
venae cavae underwent bilateral BCPS. Twenty-one pa- 
tients underwent PA augmentation procedures. A source 
of pulmonary blood flow in addition to the BCPS was 
placed (n = 4) or allowed to remain (from the native 
anatomy or a previous procedure; n = 27) in 31 patients 
(66%); as either antegrade flow through a banded or 
stenotic main PA (n = 10) or a systemic-PA shunt (n = 
21). 
Measurement of PA size and hemodynamics. Pre- 
BCPS and post-BCPS angiograms were reviewed retro- 
spectively. Right and left branch PAs were measured just 
distal (about 5 ram) to their origin and at the narrowest 
point in the right and left branch PA, which was almost 
invariably medial to the BCPS. The post-BCPS narrowest 
point was not necessarily the same as the pre-BCPS site. 
Table I. Diagnoses 
Diagnosis No. of patients 
DILV 9 
Hypoplastic left heart syndrome 7 
Tricuspid atresia 7 
Heterotaxy 5 
Pulmonary atresia with IVS 5 
Mitral atresia 3 
Ebstein's anomaly (no DILV) 1 
Other complex single ventricle 10 
DILV, Double-inlet left ventricle;/VS, intact ventricular septum. 
When the narrowest point diameter was less than 75% of 
the diameter of the branch PAs, the branch PA in 
question was defined as having a significant stenosis. 
Because many patients underwent PA augmentation at
the time of BCPS, it was hypothesized that the PA index 3 
might prove to be a misleading indicator of actual PA 
growth. Therefore, in addition to measuring the left and 
right PAs, the diameters of the right and left lower lobe 
PAs were measured immediately distal to their origins. All 
measurements were made twice, and the average of the 
two values was recorded for analysis. Measurements were 
corrected for magnification by relating measured iame- 
ters to the measured catheter diameter, then calibrating 
the ratio according to the known catheter size. 
Indices were determined by calculating cross-sectional 
area (square millimeters, with the assumption of circular 
cross-sectional rea at the points measured) and dividing 
this by body surface area (square meters), giving units of 
square millimeters per square meter. Indices were calcu- 
lated for all diameters measured: proximal right and left 
branch PAs, with the sum of these two being called "total" 
PA index; lower lobe artery immediately distal to its origin 
on each side (right and left), with the sum of these two 
being total lower lobe index; and at the narrowest point in 
each branch PA (right and left), with the sum of these two 
being the narrowest point index. In addition, descending 
aortic diameter was measured immediately proximal to 
the diaphragm, and cross-sectional rea was indexed to 
body surface area. Differences between pre-BCPS and 
post-BCPS PA diameters and indices were determined by 
simple subtraction. Whenever possible, these differences 
are referred to in the text as "size changes" or "diameter/ 
index changes," rather than as "growth," which is an 
interpretive assessment. 
In addition, angiograms were analyzed for lobar perfu- 
sion defects and for the presence of systemic-PA collateral 
arteries. Systemic-PA collaterals were defined as vessels 
clearly observed to originate from the arterial system, on 
aortography, and to opacify the pulmonary arteries, veins, 
or both. 
Hemodynamic data obtained at pre-BCPS and post- 
BCPS cardiac catheterization were noted. Pre-BCPS pul- 
monary blood flow was estimated by the Fick method in 
patients with a single source of pulmonary blood flow. 
Pulmonary vascular esistance was calculated by dividing 
the transpulmonary pressure gradient by pulmonary blood 
flow. Of note, two thirds of our patients had a source of 
pulmonary blood flow in addition to the BCPS, and hence 
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Table II. Pre-BCPS PA sizes and indices 
Right PA Left PA Total~ 
Origin NP LL Origin LL Origin NP LL Origin LL PA LL 
diameter* diameter* diameter* index? index? diameter* diameter* diameter* index'/" index'? index'/" index~" 
All patients 8.7 ± 5.4 7.2 ± 5.3 7.4 ± 3.5 125 -+ 71 99 -+ 50 9.0 -+ 5.0 7.1 ± 3.7 7.2 ± 3.4 135 ± 77 90 -+ 44 256 _+ 180 183 -+ 76 
Additional 
PBF 
Yes 11.1_+5.3 9.1+_6.6 7.9+_3.9 167+_111 96_+48 10.0±5.0 7 .9±3.7 8.2_+3.7 147_+61 105_+45 314_+149 195_+77 
No 5.3 _+ 2.5 4.2 _+ 1.8 6.4 ± 1.9 77 + 60 103 + 55 7.0 ± 4.8 5.5 ± 3.0 5.5 _+ 1.8 111 + 99 63 + 26 182 ± 116 180 _+ 67 
Bilateral 
BCPS 
Yes 8.3 _+ 2.9 7.4 ± 6.0 7.7 _+ 3.6 116 ± 73 99 ± 46 7.7 ± 2.8 6.0 + 2.6 6.3 ± 2.2 132 _+ 60 86 ± 36 281 ± 107 183 ± 74 
No 8.9_+6.1 6.7_+3.1 6.6+_3.1 14£-+60 96-+60 9.5±5.6 7 .4±3.9  7.6_+3.7 136+_84 91_+47 246±132 183±78 
PA repair 
Yes 9 .4+6.4  7.4+6.1 8 .1+3.6  109±66 102±55 8.7±4.4 6.2-+3.6 7.7-+3.4 116-+58 87 +42 225_+108 189±68 
No 8.2 -+ 4.6 7.0 ± 4.6 6.8 -+ 3.3 137 ± 73 96 ± 47 9.2 ± 5.4 7.7 -+ 3.7 6.9 -+ 3.4 148 -+ 87 93 ± 46 278 -+ 134 178 -+ 83 
Status post 
shunt 
Yes 8 .9±6.2  7 .5±6.2  7 .7±3.8  116±73 101±53 9.0-+5.0 6.6-+3.7 7.4-+3.6 128+65 89-+43 242_+128 185±71 
LeftBTS 13.6±7.0 12.4±7.3 10.0±4.5 169±54 126±48 11.2-+4.3 6.9-+3.5 9.7-+3.5 155-+5.3 116-+37 324_+82 250±71 
Right BTS 7.2 ± 5.8 6.3 ± 5.4 7.5 + 3.9 96 + 77 103 + 60 8.7 ± 5.7 6.4 ± 4.2 6.7 -+ 3.9 123 ± 70 78 ± 44 215 -+ 141 170 -+ 70 
No 8.3-+2.8 6.4 +1.9 6.6 +2.3 146+63 92 +42 9.0-+5.2 8.1-+3.6 6 .9±2.8  149±100 92±48 284-+118 178+88 
Data are presented as mean + standard eviation. BCPS, Bidirectional cavopulmonary shunt; BTS, Blalock-Taussig shunt (classic or modified); LL, lower 
lobe; NP, narrowest point; PA, pulmonary artery; PBF, pulmonary blood flow. 
*Diameters are given in millimeters. 
tIndex units are square millimeters per square meter. 
+Total refers to the sum total of left and right indices, averaged. 
pulmonary blood flow could not be calculated accurately. 
Pre-BCPS and post-BCPS oxygen saturations were also 
noted from the catheterization records. 
Data analysis. Preoperative and perioperative data 
were collected on retrospective r view of patient clinical 
records. Cross-sectional follow-up was carried out by 
contact with the referring physician and was completed by 
February i996. SPSS for Windows version 7.0 (SPPS Inc., 
Chicago, Ill.) was used to perform statistical calculations. 
Data are expressed as median and range, mean _+ stan- 
dard deviation, or mean and 95% confidence intervals 
(CI). Paired two-tailed t test analysis was used to assess 
the significance of within-patient changes in catheteriza- 
tion and angiography data between pre-BCPS and post- 
BCPS catheterization for each patient. Fisher's exact est 
and unpaired t test were used to compare mean values 
between groups. General factorial analysis of variance Was 
used for multifactorial comparison of means. The signifi- 
cance of correlations between continuous variables was 
determined by linear regression analysis. Variables ana- 
lyzed are listed in the appendix. PA sizes were also 
compared against previously published normative val- 
ues. 15 All p values of less than or equal to 0.05 were 
considered significant. 
Results 
Pre-BCPS PA sizes and catheterization data. 
Pre-BCPS catheterization and angiography were 
performed between 1 day and 10 months before the 
operation (median 21 days). Pre-BCPS PA diame- 
ters and indices are presented in Table II. Both left 
and right pA diameters, plotted against body surface 
area, were comparable with reported angiographic 
measurements in individuals with no known cardio- 
vascular or pulmonary disease (Fig. 1). 15 Twenty 
patients were observed to have significant right 
branch PA stenosis (narrowest point diameter 
<75% of bifurcation diameter), and 13 patients had 
significant left PA stenosis. No significant differ- 
ences in PA size or hemodynamics were found 
between patients with and without preoperative 
shunts. Pre-BCPS hemodynamic and oximetric data 
are summarized in Table III. 
Post-BCPS PA sizes and catheterization data. 
The median duration from BCPS to post-BCPS 
angiography was 16 months (range 1 to 47 months). 
Post-BCPS PA diameters and indices and pre-BCPS 
to post-BCPS changes are summarized in Table IV. 
Descending aortic diameters increased significantly 
(p < 0.0001), but the indexed cross-sectional rea 
did not change (p = 0.68). 
PA diameters. As was the case before the opera- 
tion, post-BCPS left and right PA diameters were 
almost identical to normal values (Fig. 1). 15 Changes 
in PA and lower lobe artery diameters varied con- 
siderably. Both mean left and right lower lobe artery 
diameters increased significantly (left, p = 0.011; 
right, p = 0.034), whereas the changes in left and 
right PA diameters were insignificant (left, p = 0.96; 
right, p = 0.092). Changes in right (p = 0.04) and 
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Fig. 1A. Pre-BCPS and post-BCPS left PA diameters (bifurcation) plotted against body surface area and 
compared with normal values published by Sievers and associates. 15 
left (p = 0.04) PA diameter were significantly 
greater in patients who underwent PA augmentation 
at BCPS than in those who did not. However, there 
was no significant difference in lower lobe artery 
changes between patients who did and did not 
undergo PA augmentation. Twelve patients had 
significant right branch PA stenosis and 11 had 
significant left branch PA stenosis. 
PA indices. The overall mean total PA index and 
total ower lobe index decreased after BCPS, although 
these changes did not approach significance (PA in- 
dex, p = 0.21; lower lobe index, p = 0.59). There was 
no relationship between duration from BCPS to post- 
BCPS angiography and changes in any PA index (Fig. 
2), an observation that was independent of other 
covariates or factors, such as pre-BCPS PA indices and 
PA repair. There were significant inverse correlations 
between pre-BCPS total PA index and pre-BCPS to 
post-BCPS change in PA index (R = -0.65 [95% CI: 
-0.87 to -0.44], p < 0.001) and between pre-BCPS 
lower lobe index and pre-BCPS to post-BCPS change 
in lower lobe index (R = -0.60 [95% CI: -0.92 to 
-0.29],p < 0.001), which are depicted in Fig. 3. These 
correlations were also significant individually for both 
the right and the left sides, with pre-BCPS right PA 
index (R = 0.74 [95% CI: -0.98 to -0.49],p < 0.001), 
left PA index (R = -0.61 [95% CI: -0.84 to -0.38], 
p < 0.001), right lower lobe index (R = -0.77 [95% 
CI: -0.99 to -0.56], p < 0.001), and left lower lobe 
index (R = -0.36 [95% CI: -0.70 to -0.02],p = 0.026), 
correlating inversely with pre-BCPS to post-BCPS 
changes in right PA index, left PA index, right lower 
lobe index, and left lower lobe index, respectively. 
Total PA index (p = 0.001), left PA index (p = 
0.02), and right PA index (p = 0.018) all increased 
significantly more from pre-BCPS to post-BCPS 
angiography in patients who underwent PA repair at 
the time of BCPS than in those who did not (Fig. 4). 
However, there was no correlation between PA 
repair at BCPS and changes in left, right, or total 
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Table III. Pre-BCPS and post-BCPS hemodynami c and oximetry data 
P 
Variable Pre-BCPS Post-BCPS Value* 
Body surface area (mm 2) 
Arterial oxygen saturation (%) 
Mean PA pressure (mm Hg) 
Ventricular end-diastolic pressure (mm Hg) 
Pulmonary vascular resistance (Wood units) 
Pulm0nary/systemic blood flow ratio 
indexed pulmonary blood flow (ml/min/m 2)
Effective pulmonary blood flow (ml/min/m 2)
Pulmonary vascular complianc e (mma/mm Hg/m 2) 
0.56 ± 0.42 0.68 -+ 0.38 
79.7 -+ 7.0 82.0 -+ 6.3 
14.7 ± 7.5 11.8 ± 4.8 
7.6 -+ 2.8 5.8 -+ 3.3 
2,4 + 1.3 NA 
1.74 -+ 1.29 NA 
4.0 ± 2.8 NA 
1.5 ± 0.6 NA 
54.2 ± 31.3 NA 
<0.0001 
0.10 
0.01 
0.003 
Data are presented as mean + standard eviation. NA, Not available. 
*p Values indicate significance of differences between pre-BCPS and post-BCPS values by paired two-tailed t test. 
lower lobe index (Fig. 4). As Fig. 4 also shows, 
patients with an extra source of pulmonary blood 
flow exhibited less decrease (though not to a statis- 
tically significant degree; p = 0.07) in lower lobe 
index than those with BCPS as the only source of 
pulmonary blood flow, regardless of whether they 
underwent PA repair. Extra pulmonary blood flow 
did not effect significant changes in PA index in 
patients with or without PA augmentation. 
Total, left, and right lower lobe index did not 
differ significantly between patients with unilateral 
and bilateral BCPS, either before or after BCPS 
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Table IV. Post-BCPS PA sizes and indices and change from pre-BCPS to post-BCPS 
Right PA Left PA Total# 
On)in NP? LL Origin LL Origin NP? LL Origin LL 
diameter* diameter* diameter* inderF~ inder2 diameter* diameter* diameter* inde~ inder2 PA inde~ LL inder2 
Post-BCPS 
values 
All patients 
Additional 
PBF 
Yes 
No 
Bilateral 
BCPS 
Yes 
No 
PA repair 
Yes 
No 
Pre-BCPS to 
post- 
BCPS 
changes 
All patients 
Additional 
PBF 
Yes 
No 
Bilateral 
BCPS 
Yes 
No 
PA repair 
Yes 
No 
9.8-+4.0 8.6+-3.9 8.6"+3.6 124-+62 90+37 9.4-+4.1 8.1-+3.6 8.3-+3.4 115-+67 91-+53 237-+100 177-+70 
10.5-+4.2 9.4+-4.2 9.4-+3.8 130-+58 98-+35 10.3-+4.1 8.9-+3.6 9.2-+3.6 127-+68 104-+57 254-+92 196"+68 
8.3-+3.2 7.2-+3.0 7.0"+2.4 112-+70 75+-37 7.7-+3.8 6.5-+3.1 6.5-+2.4 93-+59 65-+30 205-+110 140-+59 
8.9 +- 3.4 7.6 -+ 3.2 8.0 "+ 2.6 126 "+ 59 100 -+ 38 
10.1+.4.2 9.0-+4.1 8.8-+3.9 123+64 86-+36 
10.8+-3.4 9.2-+4.0 8.8 "+2.9 131-+47 89-+30 
8.8-+4.3 8.1-+3.9 8.4-+4.1 118+.73 91+.42 
8.9-+4.0 7.5+-2.7 8.1-+3.2 128-+76 103-+51 254-+117 203-+79 
9.5-+4.2 8.3+-3.8 8.3-+3.6 110-+64 87-+53 230-+94 168-+65 
9.7+-4.1 7.8-+3.0 8.7-+3.3 112-+69 92-+55 240-+99 181-+74 
9.1-+4.2 8.3-+4.0 7.9"+3.6 117"+67 90-+51 234-+103 174"+68 
1.3 -+ 4.0 0.8 -+ 2.7 0.3 -+ 89 -10 +- 55 0.4 -+ 4.2 1.0 -+ 2.6 -18 -+ 73 -6  -+ 49 -14 -+ 128 -23 -+ 102 
0.7 -+ 3.8 1.1 -+ 3.2 -6  -+ 69 1.5 "+ 58 0.2 -+ 4.0 
2.6 + 3,8 0.5 + 3.3 13 -+ 71 -32 -+ 60 0.9 -+ 4.1 
1.2 +1.7 -19 +81 -5-+28 -35--107 -10- -52 
0.8-+1.7 -19-+84 -7-+29 22--110 -49+54 
0.7-+2.1 1.5-+2.6 -17-+57 3-+64 1.2-+1.7 1.8-+2.2 -4-+50 16+-47 -23-+84 16-+83 
1.5 -+ 4.5 0.7 -+ 2.7 7 -+ 85 -14 -+ 51 0.1 -+ 4.8 0.8 -+ 2.8 -25 -+ 80 -15 -+ 47 -14 +- 130 -40 -- 80 
2.3"+4.9 1.1"+3.0 29-+83 -8"+60 1.8-+3.7 1.0"+2.3 8-+63 2-+46 40-+113 -13+-72 
0.2 -+ 2.6 0.7 "+ 2.3 -30 "+ 61 10 -+ 51 0.8 "+ 4.3 1.2 -+ 2.9 -42 -+ 74 -13 -+ 51 -70 -+ 94 -32 -+ 96 
Data are presented as mean -+ standard deviation. BCPS, Bidirectional cavopulmonary shunt; LL, lower lobe; NP, narrowest point; PA, pulmonary artery; 
PBF, pulmonary blood flow. 
*Diameters are given in millimeters. 
tNP diameter changes are not given, because the NP site differed from before to after BCPS in many patients. 
:~Index units are square millimeters per square meter. 
§Total refers to the sum total of left and right indices, averaged. 
(p > 0.35 in all cases). However, the difference in 
pre-BCPS to post-BCPS changes in left lower lobe 
index (p = 0.078) and total lower lobe index (p = 
0.064) between patients who underwent unilateral 
and bilateral BCPS approached significance. 
Changes in right PA diameters and indices among 
patients with bilateral BCPS showed no consistent 
pattern and did not approach significance. There 
was no significant pre-BCPS or post-BCPS differ- 
ence in right versus left lower lobe index between 
patients with unilateral and bilateral BCPS (p > 
0.50). Similarly, there was no significant difference 
in right versus left lower lobe index changes from 
pre-BCPS to post-BCPS between patients with uni- 
lateral and bilateral BCPS (p > 0.50). 
Twenty-two patients (47%) were observed to have 
a total of 48 quantifiable systemic-PA collaterals at 
post-BCPS angiography, including 20 patients in 
whom no collaterals were noted on pre-BCPS an- 
giograms. The presence or new development of 
arterial collaterals did not correlate with changes in 
PA diameters or indices. 
Post-BCPS hemodynamic and oximetric data are 
summarized in Table II. 
Fontan completion. Of the 47 patients included 
in the study group, 24 underwent a modified Fontan 
operation after post-BCPS catheterization, a me- 
dian of 18.0 months after BCPS (range 1 to 47 
months). There was one early death from a cerebro- 
vascular accident after a modified Fontan operation 
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between BCPS and post-BCPS angiography. 
and repair of a stenotic pulmonary venous orifice (in 
a patient with a post-BCPS PA index of 305 mm2/ 
m2). Otherwise, there was no significant morbidity 
early after Fontan completion. The duration of 
chest tube drainage ranged from 3 to 53 days 
(median 9 days). Fontan pressures on the first 
postoperative day ranged from 7 to 16 mm Hg 
(median 13 mm Hg). 
PA index among patients having the Fontan pro- 
cedure ranged from 96 to 431 mm2/m 2 (median 252 
mm2/m2). In general, trends in PA size changes and 
hemodynamic changes from pre-BCPS to post- 
BCPS angiography were the same as in the overall 
cohort. None of the hemodynamic or angiographic 
factors analyzed from pre-BCPS to post-BCPS cath- 
eterization correlated with early outcomes after the 
Fontan operation, including mortality, Fontan pres- 
sure, and duration of chest ube drainage. 
Discuss ion  
Although reports evaluating the effect of PA size 
on outcomes of the modified Fontan operation have 
reached ifferent conclusions, it is generally agreed 
that PA size can have an influence on the success of 
a Fontan procedure. 1-6 Many of the patients tudied 
in these reports underwent a Fontan operation 
before the widespread use of BCPS for pre-Fontan 
palliation. Because pulmonary blood flow, which is 
widely believed to stimulate PA growth, is decreased 
in the setting of BCPS, there is concern that use of 
BCPS for palliation in patients with single ventricle 
may have adverse implications for outcomes after 
subsequent completion Fontan. Previous reports of 
PA growth after BCPS describe ither an increase or 
no change in PA diameter 13' 14 or a decrease in the 
diamater of the PA contralateral to the cavopulmo- 
nary anastomosis. ~2 However, all of these groups 
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Fig. 3. Changes in total PA index (PAI) and lower lobe index (LLI) as a function of pre-BCPS PAl and 
LLI, respectively. 
found that PA sizes, assessed as either Nakata 
indices or Z scores, were relatively smaller after 
BCPS, which they postulated torepresent decreased 
growth. In the two groups that measured PA size in 
terms of the Nakata index, the mean post-BCPS PA 
index was found to be significantly smaller than the 
pre-BCPS index, 12' 13 whereas the group that calcu- 
lated Z scores observed a statistically insignificant 
decrease after BCPS) 4 In the present study, we 
found that changes in PA size varied considerably. 
The absolute diameters of the right and left lower 
lobe PAs increased significantly, but the calculated 
indices did not change significantly although there 
was a tendency to decrease. 
The effect of BCPS on PA growth may have 
implications for the timing of both BCPS and sub- 
sequent Fontan operation. Mendelsohn and associ- 
ates 12 reported that patients with BCPS for longer 
than 15 months had significantly greater decreases 
in PA size than those with BCPS in place for 15 
months or less. However, the statistical nalysis they 
presented to prove the validity of this observation 
treated time after BCPS as a dichotomous variable, 
rather than a continuous one. The analysis involved 
a simple comparison of means, performed sepa- 
rately for patients with BCPS for longer than and 
shorter than 15 months. Analysis of variance or 
other methods that would have accounted for dif- 
ferent baseline values and relative degrees of change 
in PA size were not performed. In contrast to these 
findings, linear regression analysis performed on the 
present series of patients showed absolutely no 
correlation between changes in PA index or lower 
lobe index and duration from BCPS (or from pre- 
BCPS angiography) to post-BCPS angiographic 
study (Fig. 2). 
It is difficult to account for all of the factors that 
contribute to changes in angiographically measured 
PA size. Although PA pressure and pulmonary 
blood flow certainly contribute to PA distention 16' 17 
and are likely to affect growth, neither of these 
factors appeared to correlate with changes in PA 
size after BCPS, either alone or when analyzed as 
covariates with PA size or with other factors. An 
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important consideration in analyzing PA size in 
patients who have undergone BCPS, as well as those 
who have undergone previous systemic-PA shunts, 
is the role of surgical distortion. Although we found 
very little change in either PA index or lower lobe 
index after BCPS in the whole group, we found that 
right PA index, left PA index, and total PA index 
were affected significantly by PA repair at the time 
of BCPS, with significantly less decrease (or greater 
increase) in these measures among patients who had 
undergone PA repair than those who had not. 
Importantly, none of the previous reports of PA 
growth after BCPS analyzed the effect of PA repair 
on changes in PA size in their patients, and none of 
them looked specifically at size changes in the lower 
lobe arteries, which are generally not involved in PA 
augmentation procedures. ~214 Mendelsohn and col- 
leagues 12 mention that two of 30 patients required 
patch augmentation at the time of BCPS and seven 
patients required intervention for PA hypoplasia or 
stenosis (the time of this intervention is not stated 
clearly, although the context of the statement sug- 
gests that it was at BCPS). Slavik and coworkers ~4 
mention that seven of 39 patients underwent central 
PA augmentation at the time of BCPS. Neither of 
these groups described any specific analysis that 
takes these issues into consideration. 
Because the branch PAs are often distorted by 
previous ystemic-PA shunts in patients undergoing 
BCPS, because the car•pulmonary anastomosis al- 
most invariably extends to the takeoff of the upper 
lobe branch, and because some change in PA struc- 
ture inevitably follows the BCPS operation, regard- 
less of whether PA augmentation procedures are 
performed, it is our opinion that measurement of
the central PAs may represent a dubious approach 
to the analysis of PA growth in the context of BCPS. 
Because of the aforementioned considerations, we 
believe that measurement of the lower lobe arteries 
involves fewer confounding factors and is therefore 
a more appropriate approach to assessing PA size 
changes in this group of patients. 
Two additional factors that may affect either the 
PA index or lower lobe index are the presence of 
bilateral BCPS and/or an additional source of pul- 
monary blood flow. It has been reported that the PA 
contralateral to a unilateral BCPS (usually left) 
decreased significantly in both diameter and index 
after BCPS, whereas the ipsilateral PA did not. ~2 
We observed that total and left lower lobe index 
decreased less among patients who underwent bilat- 
eral BCPS than among those in whom the BCPS was 
unilateral, and these differences approached signif- 
icance. The practical relevance of these findings may 
be minimal, serving only to support previous obser- 
vations that pulmonary blood flow is more efficiently 
distributed in the presence of bilateral BCPS and to 
recommend the performance of bilateral BCPS in 
the rare cases in which two sizable venae cavae and 
a substantial bridging vein are present. Another 
group found that patients without an extra source of 
pulmonary blood flow exhibited relatively less left 
The Journal of Thoracic and 
Cardiovascular Surgery 
Volume 112, Number 5 
Reddy et aL 1189 
PA growth. 14 In our series, extra pulmonary blood 
flow did not have a significant effect on changes in 
PA index or lower lobe index, although there was a 
trend (p = 0.07) toward less decrease in total lower 
lobe index in patients with an additional source of 
pulmonary flow. Though none of the reported stud- 
ies, including the present report, demonstrate a 
clear PA growth benefit of maintaining extra pulmo- 
nary blood flow, our finding that the lower lobe 
index decreases to a relatively lesser degree in the 
presence of extra pulmonary blood flow may be an 
important consideration i the ongoing dialog sur- 
rounding the benefits and drawbacks of extra pul- 
m0nary blood flow with BCPS. 
Although size changes are almost certainly due to 
a multiplicity of factors, including rowth, we found 
a significant inverse correlation between pre-BCPS 
PA indices (PA index and lower lobe index) and 
change in these indices from pre-BCPS to post- 
BCPS angiography. This observation is consistent 
with previous reports of PA growth in patients who 
have undergone a variety of procedures to augment 
pulmonary blood flow, including BCPS, 12 Blalock- 
Taussig shunt, ~s Waterston anatomosis, a9 and as- 
sorted palliative procedures for tetralogy of Fallot. 2° 
Of the 47 patients in the present series, 24 have 
undergone completion Fontan, between 1 and 47 
months after BCPS. The median PA index in these 
patients was 252 mmZ/m 2,and five patients had a PA 
index of less than 150 mm2/m 2.The one death after 
a Fontan operation occurred in a patient with a PA 
index of 305 mm2/m 2.These results confirm previ- 
ous reports that have shown that a successful Fontan 
operation can be carried out regularly in patients 
with a PA index under 150 mm2/m2. ' 5, 6, 12 How- 
ever, we continue to perform PA repair in the 
majority of our patients, at the time of Fontan 
operation, because we believe that the PA index is 
not an adequate measure for assessing the central 
PAs, an argument which is supported by the findings 
of this study and which we have also made with 
respect to patients undergoing repair of tetralogy of 
Fallot. 2j Instead, the lower lobe index may be a 
more appropriate measure of PA size and growth 
and a better means of assessing the relationshi p 
between PA size and Fontan outcomes. 
The primary shortcoming of the present study is 
that immediate post-BCPS angiographic data were 
not available, which is also the case with the three 
other published reports on this topic, lz-14 The base- 
line from which PA size changes were measured, 
namely, pre-BCPS angiographic measurements, 
probably does not reflect early post-BCPS PA size in 
the majority of cases. For example, the patient in 
whom the greatest decrease in total PAI was ob- 
served in this study underwent post-BCPS angiogra- 
phy only 1 month after BCPS, before conversion to 
a modified Fontan that was performed because of 
persistent low saturations after BCPS. Thus it is 
difficult to make any determination about growth on 
the basis of these results. Nevertheless, it appears 
from our experience and analysis that the changes 
that occur in the size of the PAs after BCPS are not 
clinically significant, at least in the short and me- 
dium term, or if a Fontan procedure is performed 
within 2 to 3 years. However, this study does not 
address the physiologic effects of PA changes in the 
setting of BCPS maintained as a long-term pallia- 
tion or when conversion to a Fontan physiology is
performed after a longer period of BCPS. 
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Discuss ion 
Dr. Thomas R. Karl (Melbourne, Australia). PA size is 
important for Fontan outcome, both in the short term and 
in the long term. I base this statement on studies of 300 
Fontan operations performed in our own institution, and 
I think that this conclusion isSupported by many, although 
not all, publications in the world literature. 
Part of the problem is that much of this information was 
generated in the era of the one-stage Fontan, that is, an 
operation performed without preliminary BCPS. This 
shunt is important because it gives us a window through 
which we can prospectively view p0st-Fontan hemody- 
namics. Patients who have a persistently elevated central 
venous pressure or poor atrioventricular valve or ventric- 
ular function after a BCPS are unlikely to be good Fontan 
candidates irrespective of PA size. Conversely, patients 
who have small PAs but have excellent hemodynamics 
after the BCPS are likely to have good results after a 
Fontan operation. Because of this selection process, it will 
be difficult to say that PA size per se has a strong effect on 
Fontan outcome in the current era. 
We agree that the use of a lower lobe index is probably 
a better way to measure the PA tree than the Nakata 
index because, after all, our concern is a generalized 
hypoplasia rather than a discrete proximal stenosis that 
can be treated with a surgical procedure. However, the 
use of the Nakata index will underestimate the problems 
associated with the small PA, not overestimate them. Use 
of the Nakata index alone rather than the lower lobe index 
could not explain the difference in your findings versus 
those of other series in which PAs did not develop well 
after the BCPS. 
We have looked at a remarkably similar cohort of 
patients in Melbourne, and we did see a significant 
decrease in Nakata index that was not related to the 
change in pulmonary/systemic flow ratio or to the interval 
from BCPS to postoperative catheter follow-up. This 
experience l d us to conclude that the BCPS is a subop- 
timal stimulus for PA growth and should not be used 
solely for that indication, although, of course, there are 
many other good indications. 
The only difference that I can see between your series 
and the Melbourne series is that patients in San Francisco 
were much more likely to have a second source of 
pulmonary blood flow added or preserved at the time of 
BCPS. In the Melbourne series, the BCPS was the unique 
source for every patient. 
I would ask the following questions: 
One, what were the selection criteria used to decide 
about use of an alternate source of pulmonary blood flow? 
Two, assuming some selection process was applied, 
could it have obscured ifferences that might have been 
seen in PA growth after BCPS (as compared with a 
randomization i to alternate source versus no alternate 
source)? 
Three, do you believe that patients who are otherwise in 
suitable condition should have a Fontan operation irre- 
spective of PA size, or would you impose some selection 
criteria here as well? 
Finally, should we not qualify the statement that PA 
size does not have an effect on Fontan outcome, given the 
fact that there probably has been some selection process 
and this hypothesis has not really been tested at the lower 
end of the PA size spectrum, especially in patients who 
have a one-stage procedure? 
Dr. Reddy. Thank you, Dr. Karl, for your comments. 
Our present selection criteria for an extra source of 
pulmonary blood flow are very subjective. If the patient 
has an extra source of antegrade blood flow, we generally 
tend to decrease it after measuring the pressures after 
completion of the BCPS. We put in a PA catheter and try 
to reduce the pressures to 15 mm Hg or less. At that point 
we allow any extra source of blood flow to remain. 
If the patient does not have antegrade blood flow and if 
the BCPS is placed at the site of a previous hunt we take 
down the shunt and construct a BCPS. Those patients do 
not receive any extra source of pulmonary blood flow 
unless their saturations are very low after the BCPS. If the 
shunt enters the PA at a site other than where the BCPS 
is going to go, then we generally try to leave it alone so 
that we can perform the BCPS without cardiopulmonary 
bypass and try to reduce its size again by measuring the 
PA pressures. That is our current approach. We have 
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neither intentionally left an extra source of blood flow nor 
added one in our patients. However, if there is a source of 
blood flow that allows us to do the BCPS without he need 
for bypass, we generally leave it alone and try to reduce it 
after we finish the shunt. 
With regard to the effect on PA growth and the extra 
source of pulmonary blood flow, the change in the lower 
lobe diameters and index approaches significance in pa- 
tients who have an extra source of pulmonary blood flow, 
but it does not reach significance. However, on the basis of 
the physiology and effect of flow on growth, I would 
presume that if we wait longer the extra source of 
pulmonary blood flow would allow better growth. 
Finally, the literature contains conflicting informa- 
tion regarding the effect of PA size on the Fontan 
outcome. What we do not take into account when we 
measure the sizes is how flow is going to change the 
PAs. When we do a Fontan from a Glenn, we increase 
the pulmonary/systemic flow ratio from 0.5 to 1. Thus, 
whether the actual change in size after the Fontan is a 
function of distensibility or not, if you perceive the 
tubes as being rigid and if their index is only 69, then 
maybe they are not suitable for the Fontan operation. 
However, they are not rigid tubes. When the pulmonary 
blood flow is increased, they may distend, and the 
distensibility is one factor that we cannot account for. 
Thus it would seem inappropriate to use the absolute 
sizes or the indices as a basis for selecting acutoff point. 
We would rather look at the hemodynamics of the 
patient as a whole and at the pulmonary vascular 
resistance and then do a Fontan operation. 
Also, just evaluating the PA index or the Nakata index is 
meaningless. The PAs can be surgically enlarged all the way 
into the lower lobe arteries also, so the Nakata index is 
irrelevant with regard to the Fontan procedure o r any other 
procedure. More important is the distal vascular bed, and 
that cannot be assessed except by measuring pulmonary 
vascular esistance. I think the central PAs are inaccurate 
and probably should not be used at all in coming to any sort 
of conclusion. More objective criteria should be developed 
to assess the distal pulmonary vascular bed. 
Dr. Karl. Do we really know that Fontan suitability 
does not depend on PA size whether analyzed as central 
measurements such as the Nakata index or a lower lobe 
index? Have we really tested that? I think that at this point 
that is an overstatement. 
Dr. Reddy. Judging from our experience both in pa- 
tients having the Fontan operation and in those with 
tetralogy of Fallot, I think central PAs are inaccurate and 
probably should not be used as a measure for outcome for 
Fontan procedures. 
Dr. Richard A. Jonas (Boston, Mass.). You have mea- 
sured the PA diameter before the bidirectional Glenn shunt 
and not immediately after the Glenn shunt. Thus it is indeed 
possible that there was a substantial reduction in diameter 
when you took away, perhaps, ahigh-pressure arterial shunt, 
and it is possible that there was significant growth from a 
point immediately after the Glenn until the time that you did 
the pre-Fontan angiogram. In other words, you may not be 
assessing the growth of the PAs in a fair way. 
Dr. Reddy. I agree completely with you, Dr. Jonas. 
We have to be cautious in interpreting any of these 
changes as growth, because that is an interpretive 
assessment. That fact that the PA is distended by flow 
certainly does not mean growth. Similarly, if the flow is 
decreased, the PA can collapse and only the diameter in 
the collapsed state will be measured. Growth is sort of 
a fallacious term. 
We do not have any angiograms taken immediately 
after a Glenn shunt. The earliest is 1 month after BCPS. 
It is very likely, I would say, that the artery size decreases 
immediately after the Glenn operation when the arterial 
shunt is taken off. 
Appendix 
Variables analyzed by linear regression, logistic regres- 
sion, general factorial analysis of variance, and paired 
two-tailed t test 
Demographic and morphologic variables 
Age at operation 
Continuous 
Less than 6 months (yes/no) 
Weight at operation 
Previous palliative procedure (yes/no) 
Previous Blalock-Taussig shunt (yes/no) 
Side of previous Blalock-Taussig shunt (left/right) 
Diagnosis 
Hypoplastic left heart syndrome (yes/no) 
Heterotaxy single ventricle (yes/no) 
Catheterization and angiographic variables (pre-BCPS and post- 
BCPS absolute values, as well as absolute and percent changes 
from before to after BCPS, were considered as separate variables) 
Arterial oxygen saturation 
Mean systemic arterial blood pressure 
Mean PA blood pressure 
Ventricular (dominant/single) end-diastolic pressure 
Indexed pulmonary blood flow 
Pulmonary/systemic blood flow ratio 
Continuous 
Greater than 1.5 (yes/no) 
Pulmonary vascular resistance 
PA diameter 
Right (bifurcation, lower lobe [LL], narrowest point [NP]) 
Left (bifurcation, LL, NP) 
Pulmonary artery index 
Total (bifurcation, LL, NP, NP as a percentage ofbifurca- 
tion) 
Right (bifurcation, LL, NP, NP as a percentage of bifurca- 
tion) 
Left (bifurcation, LL, NP, NP as a percentage ofbifurca- 
tion) 
Percent difference between branch PA NP and bifurcation 
diameters 
Continuous (left, right) 
Less than 75% (significant branch PA stenosis) 
Systemic-pulmonary collateral arteries 
To left lung, right lung, either lung (yes/no) 
Absent upper lobe blood flow, left or right (yes/no) 
Operative variables 
Bilateral BCPS (yes/no) 
PA augmentation (yes/no) 
Intracardiac procedures performed (yes/no) 
Extra source of pulmonary blood flow (yes/no) 
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Type (shunt/antegrade) 
Cardiopulmonary b pass (yes/no) 
Time 
Early postoperative a~ables 
Death (yes/no) 
BCPS takedown (yes/no) 
Pulmonary biood flow-reIated reoperation (yes/no) 
Duration of ventilator dependence 
Effusions (chest ube drainage) greater than 7 days (yes/no) 
Duration of hospital stay 
Late postoperative variables 
Pulmonary blood flow-related reoperation before Fontan 
(yes/no) 
Time between pre-BCPS and post-BCPS catheterization 
Time between BCPS operation and post-BCPS catheteriza- 
tion 
Variables relating to Fontan completion 
Time between BCPS and Fontan completiou 
Early post-Fontan death (yes/no) 
FA augmentation (yes/no) 
Duration of post-Fontan effusions (chest ube drainage) 
Continuous; longer than 7 days (yes/no) 
Duration of post-Fontan hospital stay 
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